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Abstract 

Medicago sativa is a globally significant perennial forage legume valued for its high 
productivity, nutritional quality, and multifunctional role in climate-smart agriculture. 
This review synthesizes evidence from 130 peer-reviewed studies across 35 countries, 
spanning temperate, subtropical, and semi-arid agroecological zones, to (i) assess 
the agronomic performance and productivity of Medicago sativa, (ii) evaluate its 
nutritional and environmental contributions to sustainable livestock systems, and (iii) 
identify research and policy priorities to enhance its adoption under climate change. 
Quantitative data indicate dry matter yields of 12–25 t ha⁻1 yr⁻1, with higher yields 
in irrigated temperate systems and greater variability in rain-fed, semi-arid and tropi-
cal environments. The crude protein content ranges from 15 to 25% of dry matter, 
supporting high digestibility (> 70% in vitro) and efficient feed conversion in rumi-
nants. Through symbiosis with Sinorhizobium spp., biological nitrogen fixation of 150–
300 kg N ha⁻1 yr⁻1 reduces dependence on synthetic fertilizers and improves the soil 
fertility. Long-term studies report soil organic carbon increases of 0.3–0.8 t C ha⁻1 yr⁻1, 
reflecting contributions from deep roots and rhizodeposition. The deep-penetrating 
root enhances drought tolerance, nutrient capture, and soil structure, thereby support-
ing resilience in degraded and water-limited environments. Therefore, Medicago sativa 
enhance feed security, promotes low-emission livestock production, and contributes 
to climate change mitigation. Future priorities include breeding for stress tolerance, 
improving pest and disease management, strengthening seed and extension systems, 
and implementing policies to support sustainable adoption, particularly in tropical 
and sub-Saharan African regions.
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1  Introduction

Globally, forage legumes are recognized as vital components of sustainable livestock 
production systems, offering resilience against challenges such as climate change, land 
degradation, and feed shortages [1]. Among these, Medicago sativa L., commonly known 
as alfalfa or Lucerne, holds a prominent position due to its widespread cultivation and 
significant agronomic and nutritional advantages. This perennial legume is highly val-
ued for its deep-root system, which enhances drought resilience, high biomass yield, and 
superior crude protein content, making it an excellent feed resource for livestock [2]. 
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Beyond its nutritional value, Medicago sativa plays a critical role in integrated crop-live-
stock systems by improving soil fertility through biological nitrogen fixation and sup-
porting sustainable agricultural practices. Consequently, its cultivation aligns with the 
principles of climate-smart agriculture, contributing to both the productivity of live-
stock systems and the long-term health of agricultural ecosystems [3].

Unlike annual legumes such as M. polymorpha, Medicago sativa is characterized by 
its multi-year lifespan, persistent productivity across growing seasons, and adaptabil-
ity to diverse agroecological zones ranging from temperate to semi-arid environments 
[4]. It demonstrates notable tolerance to drought conditions due to its Extensive tap-
root system and capacity for osmotic adjustment, traits that have been well-documented 
in ecophysiological studies [5]. In tropical and subtropical regions, research shows that 
heat-tolerant and photoperiod-insensitive cultivars of Medicago sativa can maintain sat-
isfactory biomass production and forage quality under high temperatures and variable 
rainfall, outperforming several annual and perennial tropical legumes [6, 7].

Medicago sativa is particularly suited to CSA because it enhances year-round for-
age availability and reduces reliance on synthetic inputs, including fertilizers and sup-
plementary feeds. Moreover, its use in intercropping and rotational systems has been 
shown to improve soil structure and suppress weed pressure, contributing to sustainable 
land use and resource efficiency [8]. In tropical cropping systems, intercropping Med‑
icago sativa with maize, sorghum, or tropical grasses has been shown to enhance total 
system nitrogen and biomass productivity, while improving soil fertility and mitigating 
erosion [9, 10].

Nutritionally, Medicag sativa is a superior forage, rich in digestible protein (15–25%), 
key minerals such as calcium, magnesium, and potassium, and containing favorable fiber 
fractions (neutral and acid detergent fiber) that enhance digestibility and intake [11, 12]. 
These traits collectively support livestock performance, including increased milk yield, 
weight gain, and reproductive efficiency [13]. Additionally, in tropical and subtropical 
systems, early-cut or multi-cut regimes optimize crude protein and digestibility, com-
pensating for potential reductions in nutrient quality caused by heat stress or accelerated 
lignification [14–16]. Beyond its nutritional role, Medicago sativa contributes to climate 
change mitigation by reducing enteric methane emissions [17] and sequestering soil car-
bon through its deep root system, providing both production and ecological benefits 
[18].

While the advantages of Medicago sativa are well-established, knowledge gaps remain 
regarding its multifunctionality in resource-limited CSA systems, particularly in sub-
Saharan Africa, South Asia, and tropical Latin America [19, 20]. Emerging research 
highlights the potential of drought-tolerant cultivars, low-lignin varieties, and optimized 
rhizobial symbiosis to improve persistence and forage quality in tropical and subtropical 
regions. Advances in genomics, phenotyping, and precision agronomy provide pathways 
for selecting stress-resilient genotypes and improving adaptation to local climatic and 
edaphic constraints [20–22].

Medicago sativa demonstrates unique attributes that make it particularly suitable 
for enhancing livestock productivity while contributing to soil health. Its deep-rooting 
system, high biomass yield, superior crude protein content, and broad climatic adapt-
ability distinguish it from other legumes, positioning it as a cornerstone species for 
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climate-smart livestock systems and sustainable land management. This review empha-
sizes these distinctive traits and explores their potential to address feed scarcity, improve 
soil fertility, and support resilient livestock production under changing environmental 
conditions.

2 � Review methodology

2.1 � Literature search strategy

A systematic literature review was conducted to identify studies on Medicago sativa and 
its role in climate-smart livestock systems and sustainable soil management. Searches 
were performed in major bibliographic databases, including Scopus, Web of Science, and 
PubMed, using comprehensive Boolean search strings. Search combinations included 
(“Medicago sativa” OR “alfalfa”) AND (“climate-smart agriculture” OR “forage legume” 
OR “livestock feed”) AND (“soil fertility” OR “nitrogen fixation” OR “drought toler-
ance” OR “carbon sequestration”). The review focused primarily on recent research, with 
94.6% of studies published between 2020 and 2025, while 5.4% of earlier studies were 
included to provide essential background and historical context. Additionally, reference 
lists of identified publications were screened to capture further relevant studies, ensur-
ing inclusion of both recent and foundational literature on the agronomic performance, 
nutritional value, ecological functions, and climate adaptation of Medicago sativa.

2.2 � Inclusion and exclusion criteria

Publications were selected based on clearly defined inclusion criteria to ensure meth-
odological rigor and relevance. Included studies were (i) peer-reviewed journal articles, 
(ii) 94.6% published between 2020 and 2025, (iii) written in English, and (iv) focused 
directly on Medicago sativa in relation to forage production, livestock nutrition, soil 
improvement, or climate-smart agriculture. Both experimental and review studies 
reporting quantitative or qualitative findings were considered, with particular atten-
tion to studies highlighting environmental benefits or stress adaptation. Excluded were 
non-peer-reviewed materials, reports lacking transparent methodology, studies focusing 
exclusively on other legume species, and research unrelated to agricultural applications 
of Medicago sativa.

2.3 � Screening and quality assessment

The study selection process followed the PRISMA guidelines, with the number of 
records identified, screened, included, and excluded recorded and presented in Fig.  1. 
Two independent reviewers screened the titles, abstracts, and full texts, with discrep-
ancies resolved through discussion to ensure consistency and reduce selection bias. 
The quality of the included studies was assessed using a standardized scoring protocol 
that considered the study design, sample size, clarity of methodology, and robustness of 
the results. Each publication was scored, and only studies that met a predefined quality 
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threshold were included in the synthesis. Potential biases arising from the inclusion and 
exclusion criteria, such as language restrictions or database selection, are acknowledged 
and discussed to maintain transparency.

Fig. 1  PRISMA flow diagram of literature selection

Fig. 2  Climate-smart agriculture analysis of Medicago sativa
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3 � Literature review

3.1 � Climate‑smart agriculture of Medicago sativa

Within the CSA framework (Fig.  2), Medicago sativa contributes substantially to the 
productivity by providing high-yield, nutrient-dense forage that enhances livestock 
growth, milk, and meat output [1, 6, 11, 13, 23, 24]. Its deep, branched root system and 
efficient nutrient uptake mechanisms enable stable biomass production across diverse 
agroecological zones, including saline and drought-prone areas, thereby improving 
yield reliability under climatic stress [2, 17, 20, 25–29]. Symbiotic nitrogen fixation with 
Sinorhizobium medicae and efficient phosphorus and potassium utilization further 
enhance forage quality while reducing the reliance on synthetic fertilizers [3, 4, 22, 30]. 
These adaptive traits not only support resilience to water and nutrient limitations but 
also facilitate integration into mixed and intercropping systems, promoting land-use 
efficiency and biodiversity. Nonetheless, trade-offs exist: while irrigation can maximize 
yield, water-intensive management may conflict with sustainable water conservation 
goals, highlighting the need for site-specific CSA practices in the region [31–33].

Medicago sativa also addresses the mitigation of CSA by improving nitrogen-use effi-
ciency, reducing greenhouse gas emissions, and enhancing soil carbon sequestration. 
Bioactive compounds, such as tannins and saponins, contribute to reducing enteric 
methane emissions from ruminants, providing direct environmental benefits [18, 34–
36]. The combination of high productivity, ecological resilience, and emissions reduction 
illustrates the synergistic potential of Medicago sativa in CSA systems. However, these 
benefits must be balanced against potential trade-offs, including the energy and water 
inputs required for the intensive forage production. Overall, framing Medicago sativa 
explicitly within the CSA pillars highlights its multifunctional role in climate-resilient, 

Fig. 3  Socioeconomic importance of Medicago sativa
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nutrient-efficient, and economically viable agropastoral systems, while underscoring the 
importance of integrated management strategies to optimize trade-offs and maximize 
synergies [1, 37, 38].

3.2 � Socioeconomic importance of Medicago sativa

Medicago sativa plays a pivotal socioeconomic role (Fig. 3) as a foundation crop in global 
livestock-based economies due to its remarkable nutritional value, adaptability, and con-
tribution to rural livelihoods. It is widely regarded as the “queen of forages” because of 
its high crude protein (15–25%), digestible fiber, vitamins, and minerals that enhance 
animal growth, reproduction, and milk yield, thus improving the efficiency and profit-
ability of dairy and meat production systems [6, 23, 39]. By reducing the dependency 
on expensive commercial feed supplements, Medicago sativa helps smallholder farm-
ers minimize production costs and achieve feed self-sufficiency, particularly in develop-
ing countries [39, 40]. Its consistent availability as green fodder, hay, or silage provides 
year-round feed security, ensuring steady livestock productivity even during dry seasons 
[24, 39]. The crop also supports diverse livelihood opportunities such as forage seed 
production, hay trading, and animal fattening enterprises creating income and employ-
ment across the agricultural value chain [39, 41]. In major Medicago sativa producing 
regions like the United States, Argentina, and China, the crop contributes billions of dol-
lars annually to the agricultural GDP, reflecting its strong economic footprint and export 
potential [39, 42].

Beyond its direct market value, Medicago sativa contributes significantly to rural 
development, gender inclusion, and poverty reduction through small-scale livestock 
enterprises and cooperative feed ventures [43]. Its integration into mixed crop-livestock 
systems enhances household resilience by diversifying income sources and stabilizing 
food supply chains [31]. In Ethiopia and other parts of sub-Saharan Africa, the expan-
sion of Medicago sativa cultivation has been associated with improved dairy produc-
tivity, higher household incomes, and better nutrition outcomes due to increased milk 
availability [23]. Additionally, as a perennial legume, Medicago sativa reduces produc-
tion risks by lowering input costs for fertilizers through nitrogen fixation and provid-
ing a reliable forage base that supports pastoral and agro-pastoral economies [44]. The 
growing interest in Medicago sativa-based value chains, supported by policy incentives 
and private investment, further underscores its importance in achieving sustainable live-
stock development and rural economic transformation [39].

3.3 � Agronomic importance of Medicago sativa

Medicago sativa belongs to the Fabaceae family, subfamily Papilionoideae, and tribe 
Trifolieae [39]. It is a perennial legume with a penetrating root system that may extend 
up to 4–6  m, enabling access to deep moisture and conferring drought tolerance [45, 
46]. Its trifoliate leaves, arranged alternately, enhance nitrogen fixation and photosyn-
thesis, while inflorescences bear predominantly purple to blue flowers, with white and 
yellow variants in some cultivars [47]. The small, kidney-shaped seeds possess a hard 
coat that ensures dormancy and longevity in soil, contrasting with the short-lived seeds 
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of Trifolium pratense (red clover) [48]. Medicago sativa exhibits an erect to semi-erect 
growth habit and an indeterminate flowering pattern, allowing multiple harvests annu-
ally under favorable conditions [49]. Its phenology depends on photoperiod and thermal 
time for flowering, with vigorous vegetative growth in spring and early summer in tem-
perate regions [5]. Unlike annual legumes such as Vicia villosa, Medicago sativa remains 
productive for 3–7  years, though yield declines over time due to root and crown dis-
eases, necessitating breeding for durable cultivars [50].

Medicago sativa thrives across diverse soils, preferring well-drained loams (pH 6.5–
7.5) but tolerating pH 5.5–8.5 when inoculated with Rhizobium meliloti [20]. It tolerates 
calcareous and saline soils better than Lotus corniculatus [51], though it performs poorly 
on acidic, waterlogged, or heavy clay soils [25]. Optimal growth occurs between 18 and 
28 °C, and the crop withstands − 10 °C to − 15 °C during dormancy [52]. Annual rainfall 
requirements range from 400 to 1200 mm, often supplemented by irrigation in arid and 
semi-arid regions [26, 53].

Its adaptability from sea level to 2,500 m in areas such as the East African highlands 
and Andean regions underscores its ecological breadth compared to altitude-restricted 
species like Trifolium repens [51, 54]. Originating in the Mediterranean Basin, Medicago 
sativa is now globally distributed across temperate and subtropical regions due to its 
agronomic value and domestication history [8, 26]. Its versatility supports use in mono-
culture hayfields (U.S.), mixed cereal-forage rotations (North Africa), and agro-pastoral 
systems (East Africa) [20]. In tropical and subtropical regions such as Brazil, India, and 
parts of Southeast Asia, research shows that heat-tolerant cultivars of Medicago sativa 
can maintain satisfactory dry matter yields under prolonged high temperatures and vari-
able rainfall, outperforming several annual legumes in both biomass and persistence [7, 
37, 55]. Unlike narrowly adapted legumes such as Stylosanthes spp., Medicago sativa 
exhibits wide vertical (elevation) and horizontal (latitude) plasticity, with broad germ-
plasm diversity supporting its role in climate-smart livestock systems [50].

Fig. 4  Agronomic importance of Medicago sativa
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3.3.1 � Contribution to sustainable crop‑livestock systems

The agronomic importance of Medicago sativa (Fig. 4) lies in its multifunctional role as 
both a high-protein forage and a soil-improving crop. It enhances soil fertility through 
biological nitrogen fixation, which may contribute 150–300 kg N ha⁻1 annually [21, 27, 
56]. This reduces dependence on synthetic fertilizers and improves soil organic matter, 
benefiting subsequent cereal crops in rotation systems [57]. In tropical/subtropical set-
tings like the Brazilian Cerrado and Indian semi-arid zones, studies report that Med‑
icago sativa intercropped with grasses improves total system nitrogen use efficiency and 
reduces fertilizer inputs by up to 30% compared to sole grass crops [9, 38, 58]. Unlike 
shallow-rooted legumes such as Trifolium pratense, Medicago sativa’s taproot system 
improves soil structure, aeration, and water infiltration, contributing to sustainable land 
management in dryland, humid tropics, and highland agroecosystems [59, 60].

3.3.2 � Productivity, adaptability, and comparative advantage

Medicago sativa’s perennial growth habit and capacity for multiple harvests confer 
higher dry matter and protein yields compared to most other forage legumes. Studies 
show that it outperforms Vicia villosa, Lotus corniculatus, and Trifolium repens under 
both temperate and subtropical conditions due to its superior regrowth capacity and 
resilience to grazing [28, 61]. Under tropical conditions with well-managed cutting 
regimes, Medicago sativa has displayed competitive forage yields comparable to peren-
nial tropical legumes like Stylosanthes guianensis and Arachis pintoi, especially where 
irrigation or supplemental moisture is available [6, 37, 55]. In Ethiopia’s central high-
lands, Medicago sativa has demonstrated stable yields under rotational cutting regimes, 
making it a cornerstone for year-round feed supply. Its adaptability to both irrigated and 
rain-fed systems underscores its potential in bridging seasonal feed gaps, particularly in 
mixed crop-livestock farming systems [62].

3.3.3 � Soil and water conservation functions

The long taproot system of Medicago sativa not only supports drought resilience but 
also plays a key role in erosion control and soil rehabilitation. It stabilizes degraded lands 
and prevents topsoil loss on sloping terrains a common challenge in East African high-
lands [63]. Its capacity to extract nutrients from deeper soil layers complements shal-
low-rooted crops in intercropping systems, enhancing overall nutrient and water use 
efficiency [58]. In tropical high-rainfall environments, Medicago sativa cover has been 
associated with reduced surface runoff and improved rainwater infiltration compared to 
bare fallow plots, thereby contributing to watershed protection [31, 64, 65]. Compared 
to annual legumes, Medicago sativa’s perennial cover reduces runoff and supports car-
bon sequestration, making it integral to climate-resilient forage systems [30, 32, 66].

3.3.4 � Economic and agronomic interconnection

From an agronomic-economic perspective, Medicago sativa provides high-value hay 
and silage, supporting dairy and beef industries globally [13]. Its high crude protein 
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(15–25%) and digestible fiber make it superior to many tropical legumes like Stylosan‑
thes guianensis and Desmodium intortum [34]. Its inclusion in forage-based systems not 
only enhances feed quality but also reduces reliance on imported protein concentrates. 
In tropical regions such as West Africa and Southeast Asia, Medicago sativa integration 
into dairy systems has improved milk yield and economic returns where reliable water 
and management inputs exist protection [1, 23, 67]. Consequently, its integration into 
rotational systems improves farm profitability while enhancing ecosystem services such 
as pollination and biodiversity conservation [68].

3.3.5 � Breeding, improvement, and future potential

Advances in breeding have focused on developing Medicago sativa cultivars with 
enhanced drought tolerance, pest resistance, and persistence under intensive utiliza-
tion [17]. Improved varieties like ‘CUF 101’ and ‘Saranac’ have shown adaptability 
across wide ecological ranges [69]. Recent tropical/subtropical breeding efforts empha-
size heat tolerance, photoperiod insensitivity, and resistance to foliar diseases prevalent 
under humid conditions, broadening the crop’s adaptation beyond traditional temperate 
zones [3, 70, 71]. In African contexts, selection for acid-tolerant and disease-resistant 
genotypes is crucial for expanding Medicago sativa production on marginal lands. Fur-
thermore, the crop’s compatibility with emerging conservation agriculture practices, 
including reduced tillage and integrated nutrient management, enhances its relevance 
for sustainable forage intensification [9].

3.3.6 � Establishment of Medicago sativa

Medicago sativa exhibits moderate germination vigor, influenced by both seed qual-
ity and environmental factors such as temperature and moisture. Optimal germination 
occurs at temperatures between 15 and 25 °C, with good emergence typically observed 
in well-aerated loamy soils [25]. Establishment success varies across agroecologi-
cal zones due to differences in rainfall distribution, temperature fluctuations, and soil 
structure. Tropical research indicates that early-morning sowing and incorporation of 
soil moisture conservation practices (mulching or tied ridging) significantly improve 
emergence in hot, dry tropic soils [1, 6, 72]. In temperate climates, early spring sow-
ing ensures rapid root development before summer droughts. Conversely, in semi-arid 
and tropical highland environments like Ethiopia’s central plateau, establishment is often 
constrained by erratic rainfall and shallow soils [14]. Pre-sowing seed treatments such as 
scarification or inoculation with Rhizobium meliloti significantly enhance establishment 
rates in degraded or acidic soils [4]. Thus, while Medicago sativa demonstrates strong 
potential across diverse ecologies, tailored management strategies are required for opti-
mal stand establishment.
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3.4 � Nutritional composition and contribution to livestock productivity

3.4.1 � Nutritional composition

Medicago sativa, widely recognized as one of the most nutritious forage legumes, exhib-
its outstanding crude protein (CP) content and digestibility, making it an essential 
feed component for ruminants. Medicago sativa biomass yields vary widely from 12 to 
25 t DM ha⁻1 yr⁻1, mainly due to environmental and management factors. Higher yields 
(> 20 t DM ha⁻1 yr⁻1) occur in irrigated temperate systems with improved cultivars and 
frequent cuttings, while rain-fed, semi-arid, or tropical subhumid systems with seasonal 
dry spells show lower, more variable yields influenced by soil fertility, moisture stress, 
and pest pressure [6, 72, 73]. Medicago sativa’s CP content ranges from 15 to 25% of dry 
matter (DM), depending on harvest stage, soil fertility, and climatic conditions [74, 75]. 
Tropical studies report that seasonal heat stress can accelerate lignification, reduce CP 
and increase fiber concentrations in Medicago sativa compared to cooler climates, high-
lighting the importance of adjusted cutting schedules [6, 73, 76].

Early-cut Medicago sativa contains higher CP and lower fiber, which enhances digest-
ibility and energy availability compared to late-cut forage [68]. The in vitro dry matter 
digestibility (IVDMD) of Medicago sativa can exceed 70%, surpassing many tropical for-
ages such as Stylosanthes spp. and Desmodium intortum, which generally range between 
60 and 65% IVDMD and 15–22% CP [77]. Comparative tropical research shows that 
Medicago sativa harvested at optimal maturity can match or exceed the feed value of 
tropical legumes like Lablab purpureus, particularly under adequate moisture and soil 
fertility [36, 73]. The relative feed value (RFV) of Medicago sativa, which integrates 
digestibility and intake potential, ranks it among the top forage legumes globally, par-
ticularly in temperate and subtropical systems.

Its high CP and rapidly degradable nitrogen fractions stimulate microbial protein syn-
thesis in the rumen, thereby enhancing nutrient utilization efficiency and improving 
overall livestock performance [67]. Compared to grass forages, Medicago sativa provides 
a balanced combination of energy and protein that supports rapid animal growth, higher 
milk yield, and better reproductive efficiency [78].

The fiber composition of Medicago sativa, particularly its Neutral Detergent Fiber 
(NDF) and Acid Detergent Fiber (ADF) contents, determines intake and energy utili-
zation efficiency. Early-bloom Medicago sativa typically contains 38–42% NDF and 
28–32% ADF [75], which are considerably lower than values found in tropical grasses 
like Panicum maximum and Brachiaria spp., often exceeding 60% NDF and 40% ADF 
[62]. Despite this advantage, in hot tropical conditions delayed harvest can rapidly 
increase fiber content, reducing intake potential unless harvest timing is adapted [6, 73, 
76].

Medicago sativa’s Net Energy for Lactation ranges between 1.1 and 1.6 Mcal/kg DM 
[78], which exceeds that of most tropical legumes such as Lablab purpureus or Vigna 
unguiculata (1.1–1.3 Mcal/kg DM) [79]. These superior energy and fiber characteristics 
make Medicago sativa an ideal component for formulating balanced ruminant rations 
that sustain high milk production, weight gain, and reproductive efficiency. However, 
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the lignification process during plant maturation reduces digestibility, highlighting the 
importance of harvesting at the optimal growth stage to preserve forage quality [67].

Medicago sativa also serves as a rich mineral and vitamin source, contributing sig-
nificantly to animal health and productivity. It contains calcium (1.2–1.5% DM), potas-
sium (2–2.5% DM), and magnesium (0.2–0.5% DM), as well as essential micronutrients 
like zinc, copper, and manganese [80]. Furthermore, it provides substantial quantities 
of β-carotene (vitamin A precursor), tocopherols (vitamin E), and B-complex vitamins, 
all of which enhance reproductive performance, immunity, and milk quality in livestock 
[81]. In regions where tropical soil micronutrient deficiencies are common, Medicago 
sativa forage has been observed to help alleviate subclinical mineral deficiencies in graz-
ing animals, though supplementation may still be required for optimal performance [6, 
11, 76].

However, excessive potassium can interfere with magnesium absorption, potentially 
leading to grass tetany in lactating cows [82]. Proper mineral balancing through diet for-
mulation or supplement use is therefore crucial. Seasonal changes also influence nutri-
ent composition warmer conditions typically reduce CP and energy while increasing 
fiber due to accelerated lignification [37].

Anti-nutritional factors and limitations
Despite its excellent nutritional profile, Medicago sativa poses a measurable risk of 

frothy bloat due to its saponins content. Experimental and observational studies consist-
ently associate elevated saponins concentrations with increased bloat incidence; how-
ever, reported risk thresholds (commonly cited around 0.5–1.0% of dry matter) vary 
widely depending on animal species, intake rate, forage maturity, and experimental con-
ditions [83]. Animals grazing pure, lush Medicago sativa pastures with rapid regrowth 
are particularly susceptible, and risk is exacerbated under high-protein, low-fiber diets 
that reduce ruminal mat formation.

In practical terms, bloat risk can be assessed using the “bloat potential index,” where 
Medicago sativa swards exhibiting index values above approximately 30–35% are fre-
quently classified as high risk, although this benchmark is derived largely from regional 
field trials and expert consensus rather than universal physiological thresholds [64]. By 
contrast, mixed swards containing grasses or condensed tannin (CT)-rich legumes typi-
cally lower the index by approximately 10–20% across studies, highlighting the protec-
tive effect of dietary fiber and moderate tannins [35]. While these indices provide useful 
decision-support tools, their predictive accuracy remains context-dependent, under-
scoring the need for site-specific calibration and adaptive grazing management.

The physiological impact of Medicago sativa’s phytoestrogens, primarily coume-
strol, also exhibits dose–response relationships. Coumestrol concentrations commonly 
reported in the range of 25–50 mg/kg DM have been associated with transient repro-
ductive disruptions—including delayed estrus and reduced conception rates—in ewes 
and heifers [84–86]. At higher concentrations, the likelihood and severity of repro-
ductive effects increase, though species-specific tolerance varies; for example, cattle 
generally exhibit lower sensitivity than sheep [65]. Importantly, these values should be 
interpreted as indicative ranges rather than strict toxicity thresholds, as controlled feed-
ing trials, epidemiological evidence, and on-farm observations show considerable over-
lap between “safe” and “risk” concentrations. Environmental stressors such as drought, 
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fungal infection, or mechanical damage can elevate coumestrol levels by approximately 
30–60% in affected stands, further intensifying risk [84–86]. Therefore, monitoring 
coumestrol levels and strategically blending Medicago sativa with low-phytoestrogen 
forages or timing harvest to avoid peak accumulation stages is critical to maintain repro-
ductive performance.

Management of ANFs in Medicago sativa can be optimized using cost–benefit con-
siderations. Incorporating anti-bloat agents like poloxalene or forming mixed-spe-
cies swards incurs additional inputs but reduces veterinary costs and nitrogen losses, 
enhancing overall farm profitability [87]. Comparative analyses show that, relative to 
other high-protein forages such as soybean meal, clover, or Lotus corniculatus, Medicago 
sativa delivers higher total digestible nutrients but requires more proactive ANF miti-
gation [88]. For example, while Lotus can reduce protein degradation through moder-
ate CT levels, it may limit intake at high concentrations [88], whereas Medicago sativa 
allows greater voluntary intake but increases bloat and nitrogen excretion risk. Conse-
quently, optimizing livestock performance relies on integrating forage species selection, 
harvest timing, and targeted supplementation, with management decisions informed 
by probabilistic risk assessment rather than fixed ANF thresholds, balancing nutritional 
advantages against ANF-related risks and associated management costs [89].

3.4.2 � Contribution to livestock productivity

The high nutritional density and balanced composition of Medicago sativa directly trans-
late into enhanced livestock productivity and feed quality improvement across various 
production systems. Its superior crude protein (CP), digestibility, and mineral content 
lead to increased feed efficiency, weight gain, and milk yield in ruminants [41, 76]. For 
instance, studies indicate that dairy cows fed Medicago sativa-based diets achieve a feed 
conversion efficiency of 0.40–0.45 kg of milk per kg of dry matter intake (DMI), com-
pared to 0.28–0.32 kg/kg DMI for cows on grass or low-protein legume diets [41, 76]. 
Similarly, lactating cows consuming high-quality Medicago sativa silage demonstrate a 
15–20% higher body weight gain and up to 25% increase in milk protein content, reflect-
ing the enhanced nutrient utilization and digestibility of Medicago sativa-based rations 
[41, 76].

For small ruminants such as sheep and goats, Medicago sativa supplementation mark-
edly improves growth rates and reproductive efficiency. Research shows that lambs and 
kids fed diets containing 30–50% Medicago sativa in the ration exhibit a FCE of 0.18–
0.22 kg live weight gain per kg DMI, compared to 0.12–0.15 kg/kg DMI in animals on 
grass hay or crop residue diets [73, 90]. Additionally, Medicago sativa supplementation 
reduces kidding or lambing intervals by 10–15% and increases offspring survival rates by 
8–12%. Its inclusion in feed rations or mixed silages improves rumen microbial balance, 
fiber digestion, and overall nutrient utilization [36]. The high feed quality index of Med-
icago sativa, reflected by its CP-to-fiber ratio (ranging 1.2–1.5) and digestible energy 
content (11–12 MJ/kg DM), makes it an indispensable component of high-performance 
livestock diets and a key driver of productivity improvement in both commercial and 
smallholder systems [90–92].
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3.5 � Role of Medicago sativa in soil fertility, nitrogen fixation, and carbon sequestration

3.5.1 � Biological nitrogen fixation

Medicago sativa plays a transformative role in improving soil fertility through its effi-
cient symbiotic nitrogen fixation and association with Rhizobium. This symbiosis ena-
bles the crop to fix between 150 and 300 kg N ha⁻1 year⁻1 under optimal environmental 
and soil conditions [30]. Variability in Medicago sativa nitrogen fixation is influenced by 
soil depth, moisture, and microbial communities [93] observed that soil nitrate increased 
mainly in the topsoil (0–40 cm), while [10] reported significant vertical spatial variabil-
ity, with Medicago sativa affecting topsoil more than subsoil. Measurement challenges 
arise from spatial differences in nutrients and microbiomes, as noted by [94]. Environ-
mental factors like light and temperature also affect fixation rates, with [95] showing that 
higher blue light reduced dry mass via stomatal regulation. Such biological nitrogen fixa-
tion (BNF) substantially reduces dependence on synthetic nitrogen fertilizers, contribut-
ing to environmentally sustainable agricultural systems. Compared with other legumes, 
Medicago sativa exhibits superior nodulation vigor, deeper root penetration, and greater 
nitrogen transfer efficiency, enhancing nutrient availability even in subsoil horizons [96]. 
The nitrogen fixed by Medicago sativa not only enriches the soil for subsequent crops in 
rotation but also enhances soil organic matter and cation exchange capacity, improving 
long-term fertility and soil health.

The continuous nitrogen contribution from Medicago sativa’s perennial growth cycle 
supports sustained soil fertility far beyond the growing period, unlike annual legumes 
such as Vicia sativa, which have shorter cycles and limited residual nitrogen [9]. Addi-
tionally, the decomposition of Medicago sativa residues after each harvest returns 
organic nitrogen and carbon compounds to the soil, promoting microbial diversity and 
biological activity in the rhizosphere [30]. This enhanced microbial community acceler-
ates nutrient cycling, improving soil structure and aggregation. Hence, Medicago sativa 
serves as both a nutrient pump and a soil conditioner, creating a more favorable envi-
ronment for subsequent crops in integrated crop–livestock systems, particularly under 
resource-constrained and rain fed conditions [38].

3.5.2 � Contribution to soil carbon sequestration and soil structure

Beyond its nitrogen fixation capacity, Medicago sativa significantly contributes to soil 
carbon sequestration and soil structure improvement through its extensive, deep-rooted 
system [64]. The species’ robust taproot often reaching depths of 4–6 m enhances water 
infiltration and facilitates the transfer of photosynthetically fixed carbon to deeper soil 
layers [97]. This process results in long-term organic carbon storage, improving soil 
aggregation and stability. Compared with shallow-rooted forage species, Medicago 
sativa contributes a greater proportion of below-ground biomass, promoting root turn-
over and humus formation that underpin soil productivity and resilience [98].

In erosion-prone or degraded landscapes, Medicago sativa acts as a biological soil con-
servation agent. Its dense root network anchors the soil, minimizing surface runoff and 
topsoil loss while enhancing infiltration and water-holding capacity [33]. This function is 



Page 16 of 28Desta ﻿Discover Environment           (2026) 4:179 

particularly valuable in semi-arid and arid environments, where water scarcity and land 
degradation are major production constraints. Moreover, in contrast to grasses such as 
Panicum maximum, which primarily stabilize surface soils, Medicago sativa improves 
subsoil recovery and nutrient cycling through deeper nutrient capture and organic mat-
ter inputs [99]. Consequently, its integration into agroecological restoration programs 
enhances multiple ecosystem services, including biodiversity conservation, nutrient 
cycling, and climate change mitigation [100].

3.5.3 � Role in climate resilience

Medicago sativa exhibits notable tolerance to multiple abiotic stressors (Table 1) includ-
ing drought, salinity, and temperature extremes making it a cornerstone of climate-
resilient forage systems. Its extensive taproot system allows access to subsoil moisture, 

Fig. 5  Role of Medicago sativa in soil fertility, nitrogen fixation, and carbon sequestration
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conferring superior drought resilience compared with most forage legumes [28, 61]. 
Empirical studies in Mediterranean and semi-arid regions indicate that Medicago sativa 
can maintain biomass production under moderate water deficit by adjusting root archi-
tecture, enhancing osmotic regulation, and sustaining symbiotic nitrogen fixation [101–
103]. However, prolonged or severe drought conditions can significantly reduce both 
yield and forage quality, as water stress impairs nodulation, photosynthetic efficiency, 
and nutrient translocation [26].

When compared with other legumes such as Lotus corniculatus (bird’s foot trefoil), 
Medicago sativa offers a balanced trade-off between drought tolerance and high biomass 
yield [87]. It also shows moderate salinity tolerance, although excessive salt levels can 
inhibit growth and BNF [87]. Breeding efforts targeting salt exclusion mechanisms and 
antioxidant defense pathways have shown promising results in developing salt-tolerant 
Medicago sativa cultivars [104]. Similarly, its capacity to withstand low temperatures 
through dormancy induction and recover post-winter makes it suitable for a wide range 
of agroecological zones [15, 87, 105]. Nevertheless, genotype-specific selection remains 
essential to maximize productivity under diverse climate stressors [87].

3.5.4 � Role in greenhouse gas mitigation

From a life-cycle perspective, Medicago sativa contributes substantially to greenhouse 
gas (GHG) mitigation across multiple stages of forage and livestock production (Fig. 5). 
Its biological nitrogen fixation (BNF) reduces reliance on synthetic nitrogen fertilizers, 
which are energy-intensive to produce and emit significant amounts of nitrous oxide 
(N₂O) during manufacturing, transport, and field application [30, 32, 66]. When incor-
porated into ruminant diets, Medicago sativa improves feed conversion efficiency and 
rumen fermentation, often lowering enteric methane (CH₄) emissions per unit of animal 
product due to higher digestibility and protein content [106, 107]. Long-term cultiva-
tion of Medicago sativa increases soil organic carbon by 0.3–0.8  t C ha⁻1 yr⁻1 through 
its deep-rooted system and high carbon inputs, thereby promoting sustained carbon 
sequestration and strengthening the role of agricultural soils as effective carbon sinks 
[65]. From cultivation through feed utilization, careful management of legume residues 
and manure is essential to avoid secondary N₂O emissions [108].

3.5.5 � Integration into climate‑smart agriculture

In the era of climate change, Medicago sativa serves as a key component of climate-
smart agriculture by directly enhancing productivity. Its high nutritive value and digest-
ibility support resilient livestock feeding systems, ensuring stable animal performance 
even under variable climatic conditions [20, 72]. In mixed cropping and agroforestry 
systems, Medicago sativa contributes to overall farm productivity by fixing atmospheric 
nitrogen, improving soil fertility, and increasing forage yield without the need for high 
synthetic fertilizer inputs [109, 110]. Optimal agronomic practices such as selecting 
high-performing cultivars, scheduling irrigation effectively, and managing cutting inter-
vals allow farmers to maintain consistent biomass production while preserving forage 
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quality [111]. By sustaining high output under marginal or degraded land conditions, 
Medicago sativa operationalizes the productivity pillar of CSA.

Medicago sativa also strengthens the adaptation and mitigation dimensions of CSA. 
Its extensive root system, drought tolerance, and salinity resilience enable crops to main-
tain growth under water scarcity and other abiotic stresses [29], helping livestock sys-
tems adapt to changing climates. Integrating stress-tolerant Medicago sativa genotypes 
with regenerative soil management practices like cover cropping, organic amendments, 
and reduced tillage enhances system resilience and conserves soil structure [112]. In 
terms of mitigation, Medicago sativa contributes by sequestering soil carbon, reducing 
greenhouse gas emissions through nitrogen fixation, and lowering reliance on synthetic 
fertilizers [113]. Together, these mechanisms make Medicago sativa a practical tool for 
operationalizing climate-smart agriculture, balancing the trade-offs between productiv-
ity, adaptation to climate variability, and environmental sustainability [28].

3.5.6 � Medicago sativa irrigation practices

Medicago sativa irrigated systems are widely adopted across different regions (Table 1) 
due to their high yield potential, nutritive value, and contribution to sustainable live-
stock production. In East Africa, countries like Ethiopia and Kenya have successfully 
integrated irrigated Medicago sativa systems to improve dairy productivity, particularly 
in peri-urban areas where water access allows for multiple harvests per year [114]. In 
North America, the United States, particularly in California and the Midwest, employs 
large-scale sprinkler and center-pivot irrigation systems for Medicago sativa cultivation, 
enabling 4–6 cuttings per year under controlled water management, thereby ensuring 
consistent high-protein forage for dairy and beef industries [14].

Similarly, in South America, irrigated Medicago sativa in Argentina and Chile con-
tributes significantly to livestock feed security in semi-arid regions [7], where precise 
irrigation scheduling enhances biomass yield and persistence. Across all regions, careful 
attention to water availability, soil fertility, and pest management underpins the success 
of irrigated Medicago sativa systems [61], making it a globally important forage crop.

3.5.7 � Comparative characteristics of Medicago sativa versus other forage legumes

Medicago sativa, commonly known as Medicago sativa, stands out among forage leg-
umes (Table 1) due to its superior agronomic and ecological attributes. As a deep-rooted 
perennial with a life cycle of 3–7 years, it exhibits remarkable drought tolerance, access-
ing subsoil moisture through roots that extend 4–6  m, which enhances its resilience 
under variable rainfall conditions [20]. In contrast, legumes such as Vicia villosa and 
Trifolium pratense are shallow-rooted, annual or short-lived perennials, and less able 
to withstand prolonged dry spells [16]. Medicago sativa adapts to a wide range of soil 
types, including loams with pH 5.5–8.5 when inoculated, and tolerates calcareous and 
moderately saline soils, which broadens its ecological adaptability [115]. The crop thrives 
optimally at temperatures of 18–28 °C and can survive as low as − 10 to − 15 °C during 
dormancy, allowing cultivation in temperate and subtropical zones from sea level up 
to 2,500  m a.s.l. [20, 116]. Its high biomass yield potential, reaching 12–25  t  DM/ha/
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year with multiple cuttings, coupled with exceptional crude protein content (15–25%) 
and in vitro digestibility (> 70%), makes it a highly nutritious forage for ruminants [20, 
116]. By contrast, most tropical legumes and annuals exhibit moderate yields, lower pro-
tein content, and digestibility, limiting their contributions to livestock productivity [55]. 
Medicago sativa’s nitrogen-fixing ability (150–300 kg N/ha/year) significantly enhances 
soil fertility and contributes to organic matter accumulation, further improving its role 
in sustainable farming systems [20].

Beyond productivity, Medicago sativa provides substantial ecological benefits. Its 
deep taproot system reduces soil erosion and promotes long-term carbon sequestra-
tion at rates of 0.3–0.8 t C ha⁻1 yr⁻1, supporting its role as a climate-smart forage option 
[20]. These sequestration estimates are derived from long-term field experiments 
(≥ 5–15  years) based on repeated, bulk density–corrected soil organic carbon (SOC) 
stock measurements across standard depth intervals (typically 0–30  cm, and in some 
cases extending to 60–100  cm). Reported gains reflect SOC accumulation under con-
tinuous Medicago sativa stands or Medicago sativa -based rotations, integrating surface 
residue inputs with substantial belowground carbon contributions from deep root bio-
mass and rhizodeposition.

Additionally, its adaptability to irrigated systems is well-documented across Ethiopia, 
East Africa, Europe, and the Americas, facilitating high and stable forage production 
under managed water regimes. While certain anti-nutritional factors such as saponins 
and coumestrol require careful management to prevent bloat or reproductive effects in 
livestock, appropriate harvest and feeding strategies mitigate these risks [20]. In compar-
ison, other forage legumes including Lotus corniculatus, Stylosanthes spp., and tropical 
species such as Desmodium intortum and Vigna unguiculata offer moderate contribu-
tions to livestock productivity, soil fertility, and ecological services due to shallower root 
systems, lower digestibility, or limited adaptation to temperate climates [20].

3.6 � Challenges and limitations in adopting Medicago sativa

3.6.1 � Agronomic and biotic constraints

Medicago sativa cultivation faces significant agronomic challenges, chiefly from pests, 
diseases, and establishment difficulties, which collectively reduce its productivity and 
profitability. Among pests, Hypera postica (Medicago sativa weevil) and Acyrthosiphon 
pisum (pea aphid) are notorious for defoliation and substantial yield losses [70]. Simi-
larly, diseases such as Phytophthora root rot (Phytophthora medicaginis), Fusarium wilt 
(Fusarium oxysporum), and anthracnose (Colletotrichum trifolii) pose recurrent threats 
by compromising root and canopy health [70, 71, 117]. Establishment issues especially 
seedbed preparation, soil moisture deficits, and seed dormancy further compound pro-
duction risks [118]. Poor seed-soil contact due to inadequate tillage or drought condi-
tions often results in patchy stands and reduced plant density [119].

In contrast, studies have demonstrated that proper inoculation with Sinorhizobium 
meliloti strains enhances nodulation, nitrogen fixation, and establishment success [22, 
120], suggesting that targeted agronomic management can mitigate some constraints. 
However, pest and disease prevalence differs across regions and agroecological zones. 
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Comparative studies between Mediterranean and temperate climates reveal varying 
disease complexes and pest pressures, complicating the development of universal man-
agement strategies [121]. Consequently, region-specific integrated pest and disease 
management (IPDM) practices remain essential for sustainable Medicago sativa produc-
tion across diverse agroecosystems.

3.6.2 � Socioeconomic and institutional barriers to adoption

Despite Medicago sativa’s recognized nutritive value and economic importance, its 
adoption remains limited in many developing regions due to inadequate awareness, poor 
seed availability, and the perception of complex management requirements [87, 122, 
123]. Farmers often prioritize cereal or pulse crops because of familiarity, risk aversion, 
or limited extension support [44]. Studies conducted in Ethiopia and South Asia indicate 
that restricted access to certified seed and limited agronomic knowledge significantly 
impede the adoption of Medicago sativa among smallholders [122, 124]. Additionally, 
socioeconomic constraints such as high input costs, labor demands, and the absence of 
market linkages further hinder the crop’s integration into smallholder systems [1].

Institutional weaknesses such as fragmented extension services and insufficient pol-
icy incentives for forage crop production exacerbate these challenges [125]. The lack of 
coordinated seed multiplication programs, credit access, and value chain integration 
discourages farmers from investing in perennial forages [126]. Addressing these barri-
ers requires strengthening extension networks, establishing public- private partnerships 
for seed systems, and enhancing farmer training on Medicago sativa agronomy and 
utilization.

3.6.3 � Research and technological gaps

From a research perspective, several critical gaps persist in breeding and management 
practices aimed at improving Medicago sativa productivity and resilience. Limited pro-
gress has been achieved in breeding for biotic and abiotic stress tolerance particularly 
drought, salinity, and heat resistance which are increasingly vital under climate change 
conditions [127]. While molecular breeding and genomics tools have advanced rapidly 
in North America and Europe, their application remains limited in many developing 
regions [20]. Furthermore, gaps exist in optimizing mixed cropping systems, developing 
effective seed treatment and inoculation protocols, and designing post-harvest forage 
preservation methods suited to smallholder realities [20].

3.7 � Future research and policy implications

3.7.1 � Future research directions

Medicago sativa (alfalfa) represents a critical forage resource for climate-smart agri-
culture due to its high biomass yield, protein-rich forage, nitrogen-fixing ability, and 
multifunctional role in soil restoration and livestock systems. Despite these benefits, 
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knowledge gaps and technological constraints limit its adoption in developing regions. 
Prioritizing research in climate-resilient cultivar development, integrated agronomy, 
pest and disease management, environmental assessment, and socio-economic adop-
tion studies is justified because these areas directly address yield limitations, smallholder 
risk, and climate adaptation challenges [22, 70, 127]. Addressing these priorities will 
maximize Medicago sativa’s productivity, ecological benefits, and adoption potential.

3.7.1.1  Breeding and  genetic improvement  Short-term priorities include accelerating 
cultivar development through genomic selection, marker-assisted breeding, and explora-
tion of local landraces and wild relatives. This approach targets drought, heat, and salinity 
tolerance, as well as pest and disease resistance traits increasingly critical under climate 
change [20, 127]. Long-term priorities should focus on gene editing techniques such as 
CRISPR/Cas9 to introduce complex traits efficiently while maintaining forage quality. 
Expanding multi-environment trials ensures cultivars are regionally adapted, minimizing 
establishment risks in heterogeneous agroecologies.

3.7.1.2  Integrated agronomy and mixed‑system optimization  Critical short-term research 
includes evaluating sowing methods, seed inoculation protocols (e.g., Rhizobium/AMF co-
inoculation), and cutting/grazing regimes under smallholder conditions to improve stand 
establishment and persistence [22, 120]. Mid- to long-term studies should focus on inter-
cropping, relay cropping, and mixed-livestock systems, which enhance nutrient and water 
use efficiency and reduce pest/disease pressures through diversification. These approaches 
also mitigate the risk of crop failure in marginal lands, providing resilient forage options.

3.7.1.3  Pest, disease, and seed health management  Current knowledge gaps exist in under-
standing local pest and disease complexes, seed treatment protocols, and nursery practices 
[70, 71, 117, 121]. Short-term research should prioritize region-specific integrated pest and 
disease management (IPDM) strategies combining host resistance, biological control, and 
agronomic practices. Long-term research should aim to develop predictive pest and disease 
models and optimize seed health management for large-scale adoption. Addressing these 
gaps is likely to have one of the highest impacts on yield stability and smallholder confidence.

3.7.1.4  Environmental and  climate assessments  There is a critical need for quantitative 
data on Medicago sativa’s environmental contributions. Short-term studies should meas-
ure nitrogen fixation efficiency, soil carbon sequestration, and impacts on enteric methane 
and nitrous oxide emissions under varied management regimes [20]. Long-term research 
could include life-cycle assessments and modeling the interactions of forage systems with 
landscape-scale biogeochemical cycles, informing climate-smart policies and payments for 
ecosystem services.

3.7.1.5  Socio‑economic and  adoption research  Socio-economic barriers, including seed 
accessibility, input costs, labor requirements, and weak market linkages, remain key adop-
tion constraints [122–124]. Short-term research should focus on participatory and gender-
sensitive adoption studies, farmer field schools, and cooperative-based business models to 
identify barriers and test scalable solutions. Long-term priorities include market develop-
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ment, value chain analyses, and integration of Medicago sativa into national agricultural 
policy frameworks, ensuring sustainability and farmer profitability.

3.7.2 � Policy implications and priority actions

1.	 Seed Systems and Quality Assurance: National and regional policies must prior-
itize certified seed multiplication, public–private seed partnerships, and decentral-
ized community-based seed production. Ensuring affordable, high-quality seed and 
effective inoculants is essential to reduce establishment risks and accelerate adoption 
[125, 126].

2.	 Extension, Capacity Building, and Demonstration Programs: Scaling Medicago 
sativa adoption requires training farmers on IPDM, inoculation, forage conservation, 
and anti-bloat management. Farmer-to-farmer learning networks and demonstration 
plots should be prioritized to enhance confidence and knowledge transfer, especially 
in regions with limited forage experience.

3.	 Financial Incentives and Market Development: Blended finance, targeted input 
subsidies, and payments for ecosystem services can de-risk early adoption of per-
ennial forages. Developing value chains for hay, silage, seed, and processed feeds 
ensures farmers capture added value and supports rural livelihoods.

4.	 Water and Land Policy Integration: Policies must promote efficient irrigation sched-
uling, drought-tolerant cultivars, and forage use on marginal lands, aligning forage 
production with sustainable land and water management objectives.

5.	 Research-to-Policy Platforms and Multi-Stakeholder Coordination: National coor-
dination mechanisms connecting breeders, agronomists, extension agents, policy-
makers, farmer organizations, and private sector actors are essential to ensure breed-
ing and management research responds to on-farm realities.

6.	 Monitoring, Evaluation, and Adaptive Governance: Institutionalizing monitoring 
frameworks using remote sensing and farm surveys will track adoption, environ-
mental impact, and socio-economic outcomes, enabling adaptive governance and 
evidence-based policy adjustments.

4 � Conclusions

Medicago sativa emerges as a cornerstone species for climate-smart agriculture and 
sustainable livestock production due to its multifunctional agronomic, nutritional, and 
ecological attributes. Its deep-rooting perennial habit, high biomass and protein yield, 
and efficient nitrogen-fixing capacity enhance soil fertility, water-use efficiency, and 
carbon sequestration, while supporting resilient livestock systems with improved pro-
ductivity and feed quality. The crop’s adaptability to diverse soils, climates, and man-
agement systems, coupled with its integration potential in intercropping, rotation, and 
irrigated systems, underscores its role in bridging seasonal feed gaps and mitigating cli-
mate risks. Despite challenges related to pests, diseases, establishment, anti-nutritional 
factors, and limited adoption in smallholder systems, strategic interventions including 
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stress-tolerant cultivar development, improved seed systems, participatory agronomy, 
integrated pest and disease management, and policy support can unlock its full poten-
tial. Therefore, advancing research on breeding, genomics, mixed cropping optimiza-
tion, and socio-economic scaling, alongside targeted extension, market development, 
and ecosystem-based management, is essential to harness Medicago sativa as a climate-
resilient, high-value forage that simultaneously promotes livestock productivity, soil sus-
tainability, and greenhouse gas mitigation, making it a pivotal component of sustainable 
agricultural landscapes worldwide.
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